Introduction
Our understanding of the neural basis of memory function has advanced rapidly during the past few decades. Numerous neuropsychological and neurophysiological studies of memory function reveal a system of dissociable processes, not a unitary system. Neuroanatomical studies map these dissociable processes onto distributed neural networks whereas neuropharmacological studies reveal that different neurotransmitter systems play distinct roles in the various memory processes. Thus, memory is not localized to one brain region or restricted to one neurotransmitter system. The theoretical distinctions of memory functions developed by psychologists and neuroscientists provide a meaningful framework for understanding the symptoms of memory disorders. Moreover, new therapies will likely arise from advances in understanding the neuroanatomical and neurochemical underpinnings of memory function.
The most common theoretical classification of memory distinguishes short-term and long-term memory. In clinical practice, the terms short-term and long-term memory are used imprecisely to describe memory processes. Many clinicians describe recently acquired information (e.g., what you had for breakfast) as shortterm memory, and memories from the distant past (e.g., what you did during your last vacation) as long-term memory. However, this sensible distinction does not conform to experimentally derived models of memory function (Squire and Schachter, 2002; Tulving, 1985) .
Short-term memory is properly defined as the ability to store information temporarily (for seconds) before it is consolidated into long-term memory. Short-term memory is examined with a bedside test such as digit span (e.g., "Repeat these digits immediately back to me: 4, 3, 7, 1, 5, 0, 6"). The average span of neurologically healthy subjects is usually six to seven digits (Lezak, 1995) . In contrast, long-term memory is properly defined as the ability to learn new information and recall this information after some time has passed. Long-term memory is tested by asking the patient to learn items that must be retrieved after an interval with distraction (e.g. recall of three items -cat, apple, tableafter 1 minute of performing some other task). Remote memory, a form of long-term memory, is information that was consolidated in the past. It can be tested by asking the subject to remember past public events (e.g., "When did the first person land on the moon?") or personal events (e.g. "Where did you go on your last vacation?"). Neurologically healthy subjects should easily recall three items after a short distracted delay or accurately recall events from their recent or distant past. This chapter will focus on the more modern notion of short-term memory, called working memory (Baddeley, 1986; 2003) . Working memory refers to the temporary maintenance of information that was just experienced or just retrieved from long-term memory but no longer exists in the external environment. These internal representations are short-lived, but can be maintained for longer periods of time through active rehearsal strategies, and can be subjected to various operations that manipulate the information in such a way that makes it useful for goal-directed behavior. Working memory is a system that is critically important in cognition and seems necessary in the course of performing many other cognitive functions such as reasoning, language comprehension, planning, and spatial processing. Likewise, almost any daily activity requires the temporary maintenance of some type of information. For example, our ability to talk on our cell phone while driving a car requires temporary maintenance of the words in the conversation, the intended direction we driving towards and the location of cars around us that are not in our view. Thus, insight into the underlying neural mechanisms of working memory provide a foundation for understanding the neural basis of many different aspects of cognition.
Behavioral subcomponents of working memory
A solid understanding of how working memory processes are implemented in the brain may hinge on our ability to resolve the nature of stored representations in addition to the types of operations performed on such representations necessary for guiding behavior (Curtis and D'Esposito, 2003; Wood and Grafman, 2003) . Representations are symbolic codes for information stored either transiently or permanently in neuronal networks. Maintenance and storage are not synonymous. Storage, in the context of working memory, is the representation of memoranda through neuronal activity (i.e., an activity based definition (Miller and Cohen, 2001) . The term maintenance is used more broadly to describe both the active representation and any processes that influences which items survive passive decay and distraction. Operations are processes or computations performed on representations. Examples of operations or control processes include the modification, transformation, integration, or manipulation of the originally encoded item.
Besides the representation-operation distinction, another key way to fractionate working memory into subcomponents is by considering the type of information that is being represented. This separation is essentially a further fractionation of the representation or storage subcomponent. In this regard, separate working memory subsystems selectively process and store different domains of information (e.g., space, object, verbal, visual, auditory, etc.) . The most important distinction that has been made is between spatial and nonspatial visual information given the extensive literature showing segregated processing streams of visual information within the brain (Ungerleider and Mishkin, 1982; Ungerleider and Haxby, 1994) . For example, a ventral "what" neural pathway primarily performs analyses of visual features eventually leading to object recognition as information from primary visual cortex travels through the occipital lobe to the inferior temporal lobe. A dorsal "where" neural pathway primarily processes signals relating to motion and space often in service of visually guided actions as information travels from primary visual cortex through cortical area MT and the posterior parietal cortex finally to primary motor cortex and the dorsal premotor cortex.
The neural basis of working memory
Cognitive neuroscientists have been investigating whether these different working memory component processes can be localized within separate brain regions. Equally important is the goal of developing models of the mechanisms by which the brain implements highlevel cognitive processes like working memory. Many neuroscientific methods exist to examine the neural basis of working memory in humans. The lesion method, for example, can establish the necessity of a particular brain region in working memory function. However, since injury to cortex in humans is rarely restricted in its location, testing ideas about the necessity of a specific cortical region for specific components of working memory with lesion studies in humans is difficult. Functional neuroimaging, such as positron emission tomography (PET), or functional MRI (fMRI), provides another means of testing such ideas and in fact are currently the best methods we have for investigating the physiology of the human brain. It is important to realize however, that unlike lesion studies, imaging studies only support inferences about the engagement of a particular brain system by a cognitive process, but not about its necessity to these processes (Sarter et al., 1996) . That is, neuroimaging studies cannot, alone, tell us whether the function of a neural system represents a neural substrate of that function, or rather a nonessential process that is associated with that function. Moreover, this observation applies equally to all methods of physiological measurement, such as single-and multiunit electrophysiology, EEG or MEG. Thus, data derived from neuroimaging studies provide one piece of converging evidence that is being accumulated to determine the neural basis of working memory.
A complex cognitive process such as working memory is likely to be mediated by a distributed network of distinct brain regions (Mesulam, 1990) . However, evidence from neuropsychological, electrophysiological, and functional neuroimaging studies in both animals and humans supports a role of the frontal lobes as a critical node in the network supporting working memory (Fuster, 1997) . The frontal lobes make up over one-third of the human cerebral cortex and can be divided into three major subdivisions; motor/premotor cortex, the paralimbic cortex (which includes the anterior cingulate gyrus), and the prefrontal cortex (PFC). It is the PFC that has been specifically linked to working memory.
The extensive reciprocal connections from the PFC to virtually all cortical and subcortical structures places 238 M. D'ESPOSITO the PFC in a unique neuroanatomical position to monitor and manipulate diverse cognitive processes. For example, there are at least two major neural networks that interact with the PFC (Goldman-Rakic and Friedman, 1991). The first network involves reciprocal cortical-cortical connections between the PFC and the posterior parietal cortex as well as connections with the anterior and posterior cingulate, and medial temporal lobe regions including the entorhinal and parahippocampal cortex (Selemon and Goldman-Rakic, 1988) . The second network involves cortical-subcortical connections between the PFC and the striatum, globus pallidus, substantia nigra and mediodorsal nucleus of the thalamus (Ilinisky et al., 1985) . Each of these networks likely mediates different component processes of working memory such as maintenance of goals (cortical network) and response selection and motor control (subcortical network).
There are several lines of evidence linking the PFC to working memory. For example, the results of experiments in monkeys using recordings from single units in the lateral PFC, have consistently found persistent, sustained levels of neuronal firing during the retention interval of a working memory task, which requires a monkey to retain information for a brief time (e.g. seconds) (Fuster and Alexander, 1971; Kubota and Niki, 1971; Funahashi et al., 1989) . This sustained activity is thought to provide a bridge between the stimulus cue, for instance, the location of a flash of light, and its contingent response, for instance, a saccade to the remembered location. These results have been supported by functional imaging studies in humans and there is now a critical mass of studies of neural activity in the lateral PFC in humans during delay tasks (for review, see Curtis and D'Esposito, 2003) . For example, in a fMRI study using a oculomotor delay task identical to that used in monkey studies, not only did we observe PFC activity during the retention interval but the magnitude of the activity correlated positively with the accuracy of the memory-guided saccade that followed later. This relationship suggests that the fidelity of the stored location is reflected in the delay period activity (Curtis et al., 2004) . Thus, the existence of persistent neural activity during blank memory intervals of delay tasks is a powerful empirical finding that lends strong support for the hypothesis that the lateral PFC is a critical node that supports active maintenance of task-relevant representations. Moreover, it has been found that the PFC shows activity during the retention interval of delay task regardless of the type of information (e.g. spatial, faces, objects, words) that is being maintained (Courtney et al., 1998; Gruber, 2001; Druzgal and D'Esposito, 2003) .
The necessity of this region for active maintenance of task-relevant representations has been demonstrated by studies that have found impaired performance on delay tasks in monkeys with selective lesions of the lateral PFC (Bauer and Fuster, 1976; Funahashi et al., 1993) . Neuropsychological studies investigating patients with focal lesions of the PFC have been reported infrequently (Petrides and Milner, 1982; Owen et al., 1990) . This is primarily due to the clinical observation that very few patients have selective lesions confined to the PFC but rather have lesions extending to involve other brain structures. Etiologies of patients with restricted lesions of the PFC typically include strokes within the middle or anterior cerebral artery territory, focal cerebral trauma, tumor resection, or epileptic patients following frontal lobe excisions to treat the epilepsy. Nevertheless, patients with focal PFC lesions, as compared to patients with lesions in other areas, or normal subjects, have shown deficits on a wide range of measures that tap aspects of working memory. For example, in studies that tested patients with PFC lesions on delay tasks, impaired performance has been observed, especially when there is distraction during the delay which increases working memory maintenance demands (D'Esposito and Postle, 1999). Similar results have been observed in transcranial magnetic stimulation studies in healthy adults after temporary functional lesions are induced in the PFC (Mottaghy et al., 2000; 2003) .
Functional subdivisions of the lateral prefrontal cortex
While there is strong support that lateral PFC is critical for working memory maintenance processes, it is unclear whether functional subdivisions within PFC exist. Goldman-Rakic and colleagues first put forth a proposal that different PFC regions are critical for active maintenance of different types of information. Based on monkey electrophysiological and lesion studies (Wilson et al., 1993) , it was proposed that persistent activity within ventrolateral PFC reflects the temporary maintenance of nonspatial information (such as an object's color and shape) whereas dorsolateral PFC activity reflects maintenance of spatial information (such as the location of an object in space). This hypothesis had the appeal of parsimony, as a similar organization exists in the visual system which is segregated into "what" and "where" pathways (Ungerleider and Haxby, 1994) . Also, anatomical studies in monkeys have demonstrated that parietal cortex (i.e., spatial vision regions) predominantly projects to a dorsal region of lateral PFC (Petrides and Pandya, 1984; Cavada and Goldman-Rakic, 1989 ), whereas temporal cortex (i.e., object vision regions) projects more ventrally within lateral PFC (Barbas, 1988) .
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Numerous functional neuroimaging studies of humans have attempted to test this hypothesis regarding PFC organization (for a review, see D'Esposito et al., 1998; Curtis and D'Esposito, 2006) . For example, in a PET study of delayed-response tasks testing memory for faces and locations of faces (Courtney et al., 1996) , it was found that the spatial working memory task resulted in greater activation within left superior frontal sulcus (Brodmann's areas 8, 6) and the face working memory task resulted in greater activation in a more ventral right PFC region (areas 9, 45, 46). In a followup study using event-related fMRI that could more precisely measure working memory maintenance processes (Courtney et al., 1998) , a double dissociation was found between face and spatial working memory. It was observed that within superior frontal sulcus in both hemispheres there was significantly more sustained activity during spatial, than during face working memory delay periods. By contrast, left inferior frontal cortex showed significantly more sustained activity during face than during spatial working memory delay periods.
Another possible axis along which human lateral PFC may be organized is according to the type of operations performed upon information being actively maintained, rather than the type of information being maintained. For example, Petrides proposed that there are two processing systems within the lateral PFC, one dorsal and the other ventral (Petrides, 1994) . It was proposed that ventral PFC (Brodmann's areas 45, 47) is the site where information is initially received from posterior association areas and where active comparisons of maintained information are made. In contrast, dorsal PFC (areas 9, 46, 9/46) is recruited only when "monitoring" and "manipulation" of this information is required.
This model received initial support from a PET study performed by Owen, Petrides and colleagues (Owen et al., 1996) in which dorsal PFC activation was found during three spatial working memory tasks thought to require greater monitoring of remembered information than two other memory tasks, which activated only ventral PFC. This model of process-specific PFC organization was also tested using event-related fMRI . In this study, subjects were presented two types of trials in random order in which they were required to either (1) maintain a sequence of letters across a delay period or (2) manipulate (alphabetize) this sequence during the delay in order to respond correctly to a probe. It was found that dorsal PFC activity was greater in trials during which actively maintained information was manipulated supporting a process-specific PFC organization.
On the surface, these two models of PFC organization seem incompatible, and to this day empirical studies continue to be published pitting one against the other. However, a closer look at the empirical data from human functional imaging, and monkey physiology studies, over the past 10 years leads to the conclusion that both models accurately describe PFC organization. Part of the reason for the persistence of the notion that these models are orthogonal to each other resulted from a lack in preciseness of the anatomical definitions of dorsal and ventral PFC that were being used. For example, as reviewed above, the principal evidence cited to support the "domain-specific" PFC organization derives from studies by Courtney and colleagues who found that the superior frontal sulcus (area 6/8) appears specific to spatial working memory whereas regions within inferior frontal gyrus (areas 45, 47) appears specific to nonspatial information (e.g. faces). Unquestionably, the superior frontal sulcus is anatomically "dorsal" to the inferior frontal gyrus, thus, on the surface these data provide strong support for a dorsal-what vs. ventral-where, domain-specific PFC organization.
However, other evidence from monkey physiological and human functional imaging studies seem inconsistent with the domain-specific hypothesis because they provide evidence that certain dorsal and ventral PFC regions do not appear specific to a one domain of information. For example, several single-unit recording studies during delayed response tasks have found a mixed population of neurons throughout dorsal and ventral regions of lateral PFC that are not clearly segregated by the type of information (i.e. spatial versus nonspatial) that is being stored (Rosenkilde et al., 1981; Fuster et al., 1982; Quintana et al., 1988; Rao et al., 1997) . Also, cooling of PFC (Fuster and Bauer, 1974; Bauer and Fuster, 1976; Quintana and Fuster, 1993) and dorsal PFC lesions cause impairments on nonspatial working memory tasks (Mishkin et al., 1969; Petrides, 1995) . and ventral PFC lesions cause spatial impairments (Mishkin et al., 1969; Iversen and Mishkin, 1970; Butters et al., 1973) . Finally, another study found that ventral PFC lesions in monkeys did not cause delay-dependent defects on a visual pattern association task and color matching task (Rushworth et al., 1997 
Current notions regarding the function of prefrontal cortex
A problem with understanding the function of the PFC is that it is extremely difficult to capture, in cognitive or neural terms, the specific type of processes that are being attributed to this region. Are the processes attributed to the lateral PFC, e.g. "monitoring" and "manipulation," distinct from active maintenance processes? For example, one possibility is that "monitoring" and "manipulation" tasks recruit PFC because they require active maintenance of more abstract relations (semantic, temporal, etc.) between items (Wendelken, 2001) . In this view, the lateral PFC is not organized by different types of processing modules, but by the abstractness of the representations being actively maintained. This organization could be hierarchic, ranging from features of an object (e.g., red), to more abstract dimensions (e.g., color), to superordinate representations such as goals or task context (e.g., color naming task). Recent evidence from functional neuroimaging studies has begun to provide support for this idea. Considerable evidence exists that premotor cortex (Brodmann's area 6) is involved in the selection of responses when guided by simple stimulus features (Schumacher and D'Esposito, 2002; Jiang and Kanwisher, 2003a; 2003b; Schumacher et al., 2003) . For example, Schumacher and D'Esposito (Schumacher and D'Esposito, 2002) manipulated difficulty of response-selection based on two factors: the compatibility of a spatial location and a manual response and the ease with which a cue stimulus could be perceptually discriminated from surrounding distractor stimuli. Dorsolateral PFC was exclusively sensitive to compatibility whereas premotor cortex was additively sensitive to both spatial and visual manipulations of the cue features. Similarly, evidence from single-unit recording in monkeys suggests that premotor cortex, and not dorsolateral PFC, encodes simple response mappings (Weinrich et al., 1984; Wallis and Miller, 2003) . In contrast to premotor cortex, several studies have shown that dorsal PFC encodes the abstract relationship between a stimulus and a response based on a contextual cue (Bunge et al., 2003; Wallis and Miller, 2003; Boettiger and D'Esposito, 2005) . And finally, frontopolar cortex (Brodmann's area 10; FPC) has been implicated in relying on a high-level goal or task context in order to interpret a cue during selection of an action. Such processing is critical to the extent that a cue does not map directly to a response, but requires the subject to reflect on additional, remembered contextual information or goals to interpret the cue (Koechlin et al., 1999; 2003; Sakai and Passingham, 2003) . For example, greater FPC activation is observed when a cue for the response was symbolic and arbitrary, in contrast to directly naming the response, and so had to be verified with respect to the remembered trial context (Badre and Wagner, 2004) .
A recent neuroimaging study has tested this model of hierarchical PFC organization and function all within one set of experiments (Koechlin et al., 2003) . In this fMRI study, the frequency of to-be-selected representations was manipulated in an effort to impact multiple levels of PFC processing. Manipulation of the number of responses within a block primarily affected premotor cortex. Manipulation of the number of relevant stimulus dimensions within a block impacted dorsolateral PFC. And finally, manipulation of the across-block frequency of cue-to-response or cue-todimension mappings impacted FPC responses. Interestingly, structural equation modeling of the fMRI data provided suggestive evidence that the direction of neural processing was from FPC to dorsal PFC to premotor cortex but not in the opposite direction, broadly consistent with a hierarchic organization. An important contribution from this study is that it considers the entire frontal cortex, from premotor regions to the most anterior portion of PFC (area 10), an area that has been relatively ignored in working memory research. This type of PFC organization is also consistent with computational models that have been developed to account for this empirical data (O'Reilly et al., 2002) .
Miler and Cohen (2001) have presented a synthesis of empirical findings with a theoretical model regarding how basic working memory maintenance processes subserved by the PFC can mediate cognitive control. They propose that sustained PFC activity is specific to those representations that are behaviorally relevant, enabling an animal or human to prospectively integrate across time when selecting an action. Automatic behaviors can be mediated by computations in posterior neocortices with little influence from internal goals maintained by the PFC. When "bottom-up" processes are insufficient for or in conflict with current goals, available cues may be insufficient to uniquely specify a response. Under such circumstances, the active maintenance of behavioral relevant representations permits the appropriate selection for action. As mentioned, the PFC has extensive reciprocal connections with WORKING MEMORY 241 most of the brain and is situated at the apex of mnemonic, affective, perceptual, and motor pathways arising from posterior and subcortical processors. Thus, it is in a privileged position to store behaviorally relevant representations and exert cognitive control (Miller and D'Esposito, 2005) .
The role of dopamine in working memory
The function of the cerebral cortex is clearly influenced by the diffuse inputs from brainstem neuromodulatory systems mediated by neurotransmitters such as dopamine, acetylcholine, and serotonin. Yet, little is known about the relationship between neurotransmitter function and cognition. Thus, a key to understanding the neural basis of working memory will arise from an understanding of how it is modulated by such brainstem projections. Based on the anatomical distribution of brainstem dopaminergic projections, there is a logical basis for proposing a role for dopamine in working memory (for a review, see Arnsten, 1997; Cools and Robbins, 2004) . Dopaminergic neurons in the human brain are organized into several major subsystems (mesocortical, mesolimbic and nigrostriatal). The mesocortical and mesolimbic dopaminergic systems originate in the ventral tegmental area of the midbrain and project to the PFC, anterior cingulate cortex, anterior temporal structures such as the amygdala, hippocampus, and entorhinal cortex and the basal forebrain (Bannon and Roth, 1983) . Also, there is a anterior/posterior gradient in the brain for the concentration of dopamine where it is highest in the PFC . Thus, the anatomical distribution of the mesocortical dopaminergic system suggests that it will have a greater influence on anterior, than posterior brain structures. The functional importance of dopamine to working memory function has been demonstrated in several ways. First, in monkeys depletion of dopamine in PFC or pharmacological blockade of dopamine receptors induces impairment in working memory tasks (Brozoski et al., 1979; Sawaguchi and Goldman-Rakic, 1991) . This working memory impairment is as severe as in monkeys with PFC lesions, and is not observed in monkeys in which other neurotransmitters, such as serotonin or norepinephrine, are depleted. Furthermore, dopaminergic agonists administered to these same monkeys reverses their working memory impairments (Brozoski et al., 1979; Arnsten et al., 1994) .
One method of assessing dopamine's influence on cognitive function in humans is by testing Parkinson's disease patients "on" and "off" their dopaminergic replacement medication. Although the motor symptoms of Parkinson's disease (PD) are caused by degeneration of the nigrostriatal dopaminergic system, a large proportion of PD patients also have degeneration of dopaminergic neurons in the ventrotegmental area comprising the mesocortical system (Javoy-Agid and Agid, 1980). Thus, PD provides an excellent model for investigating the role of dopamine in PFC function. Also, since the half-life of some of the dopaminergic replacement drugs (i.e. levodopa) administered to these patients is quite short, central nervous system levels of dopamine can be manipulated over short periods of time, and monitored by observing deterioration in the patient's motor status.
Many studies have published findings using this method by testing PD patients on tasks thought to be sensitive to PFC dysfunction (for a review see Cools, 2006) . In such studies, patients are impaired on these tasks when they are off their dopaminergic medications. For example, in one study, the tasks that were performed poorly by PD patients off their medications (the Tower of London, a spatial working memory task, and a test of attentional set-shifting) have also been shown to be specifically impaired in patients with frontal lobe lesions (Lange et al., 1992) . This evidence for a specific role of dopamine in PFC function is strengthened by the concurrent finding in this study that PD patients off their dopaminergic medications performed similarly on longterm memory tasks thought to be sensitive to medial temporal lobe function. In a PET study, PD patients were scanned on and off their dopaminergic medication during the performance of working memory tasks. It was found that dopaminergic medications ameliorated the PD patients' working memory deficits by normalizing blood flow changes in the dorsolateral PFC (Cools et al., 2001) . Taken together, these studies provide strong evidence that PFC function is influenced by the dopaminergic neurotransmitter system. Administration of dopamine receptor agonists to healthy young subjects, which stimulate dopamine receptors in the same way dopamine does, also provides a viable method for examining the role of dopaminergic systems in higher cognitive functions in humans. Most dopamine receptor agonists are relatively selective for a particular receptor subtype, the two most common being the D 1 and the D 2 . Two such drugs, approved for human use, are bromocriptine, which is relatively selective for the D 2 receptor subtype and pergolide, which affects D 1 and D 2 receptor subtypes. Because both drugs are relatively safe to administer to normal human subjects, and have well understood agonist properties, they offer a useful probe for investigating the relationship between dopamine and PFC function.
Healthy young human subjects when given bromocriptine (Kimberg et al., 1997; Luciana and Collins, 1997; Luciana et al., 1992; Mehta et al., 2001) , or pergolide (Müller et al., 1998; Kimberg and D'Esposito, 242 M. D'ESPOSITO * 2003) perform better on working memory tasks when compared to when they are given a placebo. In these studies, the dopaminergic medication had a very specific effect on working memory since it had no effect on other cognitive abilities such as attention or sensorimotor function. Converging on these findings, normal subjects that were administered sulpiride, a D 2 receptor antagonist, were impaired on several tasks sensitive to PFC function. Importantly, the impairments could not be accounted for by generalized sedative or motoric influences of the medication (Mehta et al., 1999) . Interestingly, in one study, the effects of bromocriptine on PFC function were not the same for all subjects, but interacted with the subject's working memory capacity (Kimberg et al., 1997) . Subjects with lower baseline working memory capacity exhibited cognitive improvement on the drug, while those with higher baseline working memory capacity worsened on the drug. This relationship between working memory capacity and the effects of bromocriptine on working memory performance was replicated in another laboratory (Mehta et al., 2001) . In another study (Mattay et al., 2003) , a similar observation was made in healthy subjects performing the Wisconsin card sorting task (WCST), a task thought to be depending on working memory and prefrontal function (Anderson et al., 1991) . Two groups of subjects were studied that differed in their expression of the gene for catechol O-methyltransferase (COMT), an enzyme which inactivates released dopamine. The human COMT gene contains a methionine (Met) for valine (Val) substitution (e.g. val-met polymorphism), which results in lower COMT activity and presumably a higher baseline dopamine concentration in the PFC compared to individuals with val-val genotype. It was observed that performance of the val-val group significantly improved on the WCST on amphetamine (a catecholaminergic agonist). In contrast, the performance of the subjects with the met-met genotype worsened on amphetamine.
These human studies of individual difference in dopamine function are consistent with monkey studies where dopamine administration can be more tightly controlled and measured. Thus, a similar relationship between dopamine and PFC function has been observed in monkeys administered dopaminergic agonist and antagonists. Specifically, a U-shape dose-response curve is observed demonstrating that a specific dosage produces optimal performance on working memory tasks (Arnsten, 1997) . In another study (Granon et al., 2000) , it was demonstrated that a dopaminergic agonist enhanced performance on an attention task in rats with poor performance in the undrugged state, but not in rats with good performance. Conversely, a dopaminergic antagonist impaired performance only in rats with high (but not low) basal performance levels. These observations suggest that "more" is not "better" but rather there is an optimal level of dopamine concentration that is necessary for optimal function of the PFC.
The cognitive effect of the administration of dopamine agonists on patients with frontal lesions also provides insight into the relationship between dopamine and working memory. In one such study (McDowell et al., 1998) , patients who suffered PFC damage from traumatic brain injury were assessed on and off bromocriptine while performing several clinical experimental measures of PFC function (e.g. Stroop task, the Wisconsin card sorting task, the Trailmaking task, dual-task). Significant improvement in performance of traumatic brain injury patients was observed on bromocriptine, as compared to placebo, on all tasks required significant demands on executive control processes thought to rely on intact PFC function. In contrast, bromocriptine did not improve performance on measures with minimal executive control demands, even if they were cognitively demanding, or other simpler tasks requiring basic attentional, mnemonic, or sensorimotor processes. In rat model of traumatic brain injury, a similar beneficial effect of bromocriptine on working memory function has been demonstrated (Kline et al., 2002) .
As mentioned earlier, dopamine receptors are found in great concentrations in the PFC. D 2 dopamine receptors are present in much lower concentrations in the cortex than D 1 receptors, and are mostly within the striatum (Camps et al., 1989) . However, D 2 receptors are at their highest concentrations in layer V of the PFC, which makes them especially well placed to interact with behavior (Goldman-Rakic et al., 1990 ). An important area of investigation is the determination of the relative contribution of each of these dopamine receptors to specific aspects of cognitive processing. Dopamine release in the brain can be either transient (phasic) or sustained (tonic). Grace has proposed that these two mechanisms of action of dopamine are functionally distinct and antagonistic (Grace, 1991) . It is further proposed that tonic dopamine release is mediated by D 1 receptors whereas D 2 receptor mediated effects are phasic. In support of this, it has been shown in a monkey physiology study during the performance of a delay task, dopamine D 2 receptor agonists selectively modulated the phasic components of the task yet had little effect on the persistent mnemonic-related activity, which was instead modulated by a D 1 receptor agonist (Sawaguchi, 2001; Wang et al., 2004) . Thus, these two dopamine receptors may have complementary functions which serve to modulate active memory representations stored within the PFC (Cohen et al., 2002) . Tonic dopamine effects may increase the stability of maintained representations whereas phasic dopamine effects may serve as a gating signal, indicating when new inputs should be encoded and maintained, or when currently maintained representations should be updated (Braver and Cohen, 1999) .
Conclusions
Elucidation of the cognitive and neural mechanisms underlying human working memory has been an important focus of cognitive neuroscience and neurology for much of the past decade. One conclusion that arises from this research is that working memory, a faculty that enables temporary storage and manipulation of information in the service of behavioral goals, can be viewed as neither a unitary, nor a dedicated system. Data from numerous neuropsychological and neurophysiological studies in animals and humans demonstrates that a network of brain regions, including the PFC, is critical for the active maintenance of internal representations.
Moreover, it appears that the PFC has functional subdivisions that are organized by the abstractness of these representations (e.g. features, rules, goals). Finally, working memory function is not localized to a single brain region but is likely an emergent property of the functional interactions between the PFC and other posterior regions. Numerous questions remain regarding the neural basis of this complex cognitive system, but studies such as those reviewed in this chapter should continue to provide converging evidence for such questions.
A wide range of pathology such as traumatic brain, stroke, and neoplasms commonly affect the PFC. Also, there are many other conditions such as attention-deficit disorder, addiction, schizophrenia, and normal aging, that have suggested a selective dysfunction of frontal systems as a possible etiology of the cognitive deficits observed clinically. Hopefully, further insight into the neural mechanisms underlying normal frontal lobe function, as highlighted in this chapter, will ultimately help us understand our patients, and lead to effective interventions for their devastating clinical conditions.
